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Thin film coatings have the potential to increase both the thermal efficiency and accelerating gradient in
superconducting radio frequency accelerator cavities. However, before this potential can be realized,
systematic studies on structure-property correlations in these thin films need to be carried out since the
reduced geometry, combined with specific growth parameters, can modify the physical properties of the
materials when compared to their bulk form. Here, we present our systematic studies of Nb thin films
deposited onto Cu surfaces to clarify possible reasons for the limited success that this process exhibited in
previous attempts. We compare these films with Nb grown on other surfaces. In particular, we study the
crystal structure and surface morphology and their effect on superconducting properties, such as critical
temperature and lower critical field. We found that higher deposition temperature leads to a sharper critical
temperature transition, but also to increased roughness indicating that there are competing mechanisms
that must be considered for further optimization.
DOI: 10.1103/PhysRevSTAB.15.062002 PACS numbers: 74.78.w, 85.25.Dq, 74.62.Bf, 74.62.Dh
I. INTRODUCTION
Superconducting radio frequency (SRF) technology
used in particle accelerators is based on bulk Nb cavities
that are approaching the optimal performance achievable
with this material [1]. Thus, development of a suitable
alternative to bulk Nb is needed. Because of the very
shallow penetration depth of the radio frequency fields,
SRF properties are inherently a surface phenomenon
involving a material thickness of less than one micron,
therefore enabling the possibility of using thin film coat-
ings. The challenge is to understand the dependence of the
material’s properties on the film deposition parameters and
the detailed characteristics of real surfaces and then to
employ appropriate techniques to tailor the surface prop-
erties for greatest benefit for SRF applications. Several
attempts with varying degrees of success have been made
in the past to implement thin film Nb coated Cu cavities to
exploit the better thermal conductivity of Cu compared to
bulk Nb and also because of the possibility of foreseeing
other suitable superconducting coatings [2].
While tight correlation with the characterization of real
materials has yet to be described, there exists a theoretical
framework describing the relevant material parameters as
they influence SRF properties. Several material factors
contribute to degraded SRF performance with respect to
ideal surfaces, such as the presence of intragranular impu-
rities which contributes to a reduction of the electron
mean-free path and the local lower critical field HC1.
Grain boundaries contribute as scattering centers and
may also be a contributing factor to localization of impu-
rities and lossy oxidation states. The presence and diffu-
sion of impurities at grain boundaries and intergranular
oxidation contribute ‘‘weak links’’ to the flow of surface
supercurrents, creating a nonlinear loss mechanism [3].
In the case of thin films, there are several physical prop-
erties that can affect the film’s superconducting performance
such as surface morphology (roughness), microstructure
(grain size/boundaries), and thickness (interfacial scattering
due to the substrate beingmore prominent in thinner films). It
is a nontrivial process to separate the individual contributions
from each of these factors. However, it is necessary to under-
stand how these factors alter superconducting properties of
thin films in order to tailor the materials to achieve optimal
performance in SRF cavities.
The first section of this report focuses on Nb thin films
prepared on MgO surfaces of similar thicknesses in order to
determine how the microstructure and surface roughness
affect the superconductingproperties. Sincegrain boundaries
are an important obstacle to superconducting transport, we
show how the increased number of crystallographic domains
that can occur during epitaxial Nb growth in different crys-
tallographic orientations, leading to higher density of grain
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boundaries, can explain some of the superconducting prop-
erties observed in these films. Next, we study how the dep-
osition conditions can alter the properties of Nb thin films on
Cu surfaces. We show our correlated studies of microstruc-
ture and surfacemorphology and the resulting superconduct-
ing properties illustrating possible mechanisms responsible
for cavity performance when using such films.
II. EXPERIMENT
Epitaxial Nb films have been prepared by DCmagnetron
sputtering in an ultrahigh vacuum (UHV) system with a
base pressure in the low 1010 Torr range. This system is a
five port Perkin-Elmer molecular beam epitaxy system that
has been modified to house sputtering guns. Growth con-
ditions such as geometry, deposition rate, and temperature
are remarkably reproducible with the instrument used, thus
allowing accurate comparison between samples grown in
different runs including thickness series with subnanome-
ter differences between samples [4]. For the present study,
the growth was carried out using a 99.95% pure 2 inch Nb
target with a balanced magnetron at an Ar pressure of
1 mTorr with a target to sample distance was fixed at
7.75 inches, resulting in a growth rate of 0:36 A=s. These
films have been prepared on both MgO(100) and Cu(100)
surfaces. The ceramic MgO substrates used in this study
were acquired commercially, while the Cu surfaces were
prepared by depositing fresh Cu layers onto HF-etched
Si(100) in UHV which has been shown to yield smooth
Cu(100) surfaces [5]. The latter process was chosen to
avoid native oxides always present on Cu substrates and
surface treatments that might complicate data analysis
during our Nb growth studies. On MgO substrates, the
growth temperature was held at 600C which was found to
lead to optimized films, while the Cu/Si template temperature
was constrained below 175C in order to prevent temperature
driven reactions at the interface [6]. The microstructure of the
films was studied in situ with reflection high energy electron
diffraction (RHEED) which provides a reciprocal space rep-
resentation of a film’s surface. Additional ex situ character-
ization of film structure was carried out using a four-circle
x-ray diffractometer (XRD) with a quasiparallel monochro-
maticCuK ( ¼ 1:5406 A) beam, fixed divergence (1=4),
antiscattering (1=4), and receiving (1=16) slits, soller
slits (0.04 rad), and a proportional detector. The surface
morphology of the films was examined ex situ with atomic
force microscopy (AFM) and associated software [7].
Superconducting propertieswere studied using superconduct-
ing quantum interference device (SQUID) magnetometry.
III. NIOBIUM THIN FILMS ON MAGNESIUM
OXIDE SURFACES
A. Microstructure and surface morphology
Nb thin films were deposited onto MgO(100) substrates
in order to parametrize the growth conditions and also to
characterize the films in an ideal scenario known to yieldNb
films of good crystalline quality before looking at more
realistic scenarios. Films presented here range in thickness
from 100 to 1000 nm. The epitaxy of the deposited Nb film
is highly dependent on the choice of substrate and initial
surface status prior to growth. Our investigations on a
significant number of samples indicate that, in the case of
the MgO(100) surface, Nb films can grow (100) with only
one in-plane orientation, Nbð100Þ½011kMgOð100Þ½001,
or (110) with two possible in-plane orientations,Nbð110Þ
½1 1 0kMgOð100Þ½001 and Nbð110Þ½001kMgOð100Þ
½001 depending on the deposition conditions and substrate
surface pretreatments. These findings are consistent with
previous studies on Nb films prepared on MgO(100) [8].
A visual depiction of the possible orientations of Nb on
MgO(100) is shown in Fig. 1. The typical RHEED patterns
associated with the Nb films agree well with the predicted
epitaxy as shown in Fig. 2.
The RHEED images in Fig. 2(a) show regularly spaced
sharp streaks along two distinct azimuthal directions which
indicate that this film has good crystalline quality with
large grain sizes. Figure 2(a) (top) shows streaks that
correspond to the Nbh110i atom spacing while Fig. 2(b)
shows streaks that correspond to the Nbh100i atom spacing
agreeing with the previous discussion of Nb(100)/
MgO(100) epitaxial relationship. The chevron features
seen along the MgO[100] direction are evidence of facet-
ing on the surface, typical features often observed during
growth of metallic films exhibiting single crystal structure
[9,10]. Figure 2(b) also shows sharp streaks, but instead of
only one streak spacing, we see a superposition of two
different patterns corresponding to atomic spacings with a
ratio along the MgO[100] direction. This observation
agrees with the earlier discussion of Nb(110)/MgO(100)
epitaxy, indicating the coexistence of biaxial equivalent
Nb 
MgO (100)
FIG. 1. Overlays of relaxed Nb lattices on an MgO(100)
surface.
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tetragonal structures with two possible in-plane orienta-
tions. The pattern observed along the MgO[110] direction
in Fig. 2(b) is similar to contributions from the Nbð111Þ
and ð112Þ planes that have been seen in other Nb(110)
growth systems [11].
XRD measurements were carried out ex situ to analyze
the out-of-plane lattice parameter and grain size of the thin
films. It is worth noticing that, while in situ RHEED
characterization is surface sensitive and yields in-plane
structural information, XRD probes the entire volume of
the film. For all Nb films investigated that were thicker than
500 nm in both (100) and (110) orientations, the measured
lattice parameter varied less than 1% from the bulk value
of 3.300 A˚. While there was no significant difference
between the lattice parameter for films in the 500–1000 nm
thickness range considered here, the (100) films consis-
tently had larger grain sizes ranging from 52 2 nm to
86 3 nm, whereas the (110) films had grain sizes around
44 2 nm. The fact that (100) films exhibit much larger
grain sizes than (110) films indicates that smaller grains
have coalesced into larger ones as growth proceeded,
without generating a boundary (i.e. Ostwald ripening
[12]), thus minimizing grain boundary density in this
case. This reduction in the overall density of scattering
centers for carriers may impact transport measurements.
Additionally, the fact that there is no significant change in
grain size for (110) films in the 500 to 1000 nm thickness
range indicates that the columnar growth mode leading to
the (110) microstructure saturates earlier than in the (100)
films since in the latter case coalescence of grains without
generation of a new boundary is favored.
A standard measure of merit in superconducting mate-
rials is the residual resistance ratio (RRR), which is defined
as the ratio of resistances at room temperature (RT) and
just above the superconducting transition temperature. For
Nb, RRR ¼ R300 K=R10 K is typically used. Resistance in
metallic films can be caused by factors such as impurity
level [13], film thickness [14], and average grain size [15].
Resistance due to phonons is accounted for by measuring
at RT and low temperature, while the resistance due to
other scattering mechanisms is temperature independent.
Because our films were prepared in identical conditions
(background pressure, target purity, growth rate, etc.) and
are of comparable thicknesses, we can use RRR values as a
relative gauge of grain size or grain boundary density.
Consistent with our discussion pertaining to increased
grain boundaries in the (110) films, films with thickness
ranging from 500 to 1000 nm exhibited lower RRR values
ranging from 26–46.5 when compared to the (100) films
with RRR values ranging from 158–165.5 [16].
We note that the nature of the film epitaxy also has a strong
effect on the resulting surface morphology as shown in the
AFM images shown in Fig. 3. Figure 3(a) shows regular
distribution of rounded yet 4-fold symmetric features con-
sistent with (100) single domains found in Nb(100)/
MgO(100) growth. In the case of (110) films, there are two
possible perpendicular domains with uniaxial anisotropy
leading to perpendicular uniaxial surface features as shown
in Fig. 3(b). The scaling behavior of surface features with
increasing film thickness in these two crystallographic ori-
entations has also been examined elsewhere [17].
Since SRF properties are constrained to the surface, and
the surface morphology is strongly correlated to the micro-
structure, understanding how the thin film microstructure
affects the superconducting properties is crucial. This is
discussed in the following section.
B. Superconducting properties
The superconducting properties, transition temperature
(TC) and lower critical field (HC1), of the films were probed
using DC SQUID magnetometry. The transition from the
superconducting to nonsuperconducting (or normal) phase
occurred around the bulk TC value of 9.2 K for all the films.
The lack of sensitivity of TC to the microstructure indicates
that in this case, the grain size of the samples was large
enough not to affect this measurement. However, as men-
tioned earlier, thin films typically have a higher number
of defects which can inhibit other superconducting
properties [14]. This increase in defect density inhibits
(a) (b)
FIG. 3. Representative AFM scans for (a) Nb(100) and
(b) Nb(110) surfaces. The scan size in both images is
2 m 2 m.
MgO [100]
MgO [110]
MgO [100] 
MgO [110]
(a) (b) 
FIG. 2. RHEED patterns for (a) Nb(100)/MgO(100) and
(b) Nb(110)/MgO(100) along the MgO[100] and MgO[110]
azimuths.
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entry into the superconducting phase and effectively
lowers critical fields in films with comparable thickness.
The procedure presented inRef. [18]was implemented to
determine HC1 values for the Nb thin films using DC
SQUID magnetometry. When a magnetic field larger than
HC1 is applied on a superconducting sample, trapped mag-
netic fields can be detected by measuring the sample’s
magnetic moment before and after the application of the
field. This procedure begins by cooling the samplewith zero
applied field to a temperature below the transition tempera-
ture, followed by a measurement of the sample’s magnetic
moment without an applied field. Next, a field is applied
parallel to the sample surface and subsequently removed.
The procedure continues with another measurement of the
sample’s magnetic moment with the applied field removed,
and then warming the sample above the transition tempera-
ture. This method was repeated for many field values. HC1
was then found by determining which applied field first
caused a difference in the measurement before the applied
field and the measurement after the applied field was re-
moved. When the measurement after the field is removed
differs from themeasurement before the field is applied, this
is an indication that there are trapped fields present in the
sample. For this study, HC1 values were measured at 4 K.
Values for representative samples are shown in Table I.
For various film thicknesses, the Nb(100) films consis-
tently have larger HC1 values than their Nb(110) counter-
parts suggesting that an increased grain boundary density
leads to worse superconducting properties in the latter.
While some of the measured HC1 values are larger than
values that others have measured in bulk samples [19], a
recent study by Roy et al. suggests that the field at which
flux lines begin to penetrate can be higher than previously
reported values [20]. The field value at which flux lines
begin to penetrate is highly dependent on the shape of the
sample as well as the condition of the surface. For their
studies, Roy et al. prepared small samples of large grain
(1 mm) Nb and carried out isothermal magnetization versus
fieldmeasurements. For these small, high quality samples, a
penetration field of at least 2000 Oe at 3 K was found.
IV. NIOBIUM THIN FILMS ON
COPPER SURFACES
As mentioned above, it is desirable to use Nb coated
Cu cavities to improve their thermal efficiency for SRF
applications, but it is necessary to understand how the
preparation of such cavities will affect their overall per-
formance. To this end, we investigated how the deposition
temperature can affect the structure and superconducting
properties on Cu surfaces. Thus, 500 nm thick epitaxial Cu
films were deposited onto Si(100). Subsequently, 500 nm
Nb films were deposited onto the Cu(100) template under
identical conditions as the films in Sec. III with the ex-
ception that some films were deposited at RT while others
were deposited at a substrate temperature of 150C.
A. Microstructure and surface morphology
To interpret our results we need to first discuss the
possible epitaxial relationships that Nb can follow when
deposited onto a Cu(100) surface. In this case, there are
four possible in-plane orientations such that the out-of-
plane orientation is Nbð110Þ½111kCuð100Þ½110 [11]. A
visual depiction of the possible orientations of Nb on
Cu(100) is shown in Fig. 4. Our in situ RHEED character-
ization agrees with the expected epitaxy as shown in
Fig. 5(a). Figure 5(a) contains broader streaks than those
seen in Fig. 2, indicating a smaller lateral grain size when
Nb is deposited on Cu versus MgO. Again, we see a
superposition of two patterns with a
ffiffiffi
2
p
along the
Si [100] direction indicating the formation of orthogonal
Nb(110) domains. The patterns seen along the Si[110]
direction correspond to contributions from the Nbð111Þ
and ð112Þ planes as mentioned earlier [11].
The surface morphology of Nb films grown on Cu dis-
played features similar to those seen in the Nb(110)/
MgO(100) samples as shown in Fig. 5(b). The surface
features on samples prepared at RT were finer than those
found on samples prepared at 150C and resulted in a
TABLE I. Summary of superconducting properties. TC values
were measured with an applied field of 50 Oe. HC1 values were
measured at 4 K.
Nb(100) Nb(110)
Thickness (nm) TC (K) HC1 (Oe) TC (K) HC1 (Oe)
100 9.2 1300 9.2 600
500–600 9.2 1600 9.3 1200
1000 9.3 1800 9.2 1700
Cu (100)
Nb 
FIG. 4. Overlays of relaxed Nb lattices on a Cu(100) surface.
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lower root mean square (RMS) roughness (1.98 nm for RT,
2.87 nm for 150C).
XRDmeasurements on these films give a lattice parame-
ter exhibiting less than 1% strain compared to the bulk
value, similar to the previous case of Nb growth on MgO.
For the growth carried out at RT, the typical average grain
size was found to be 44 2 nmwhile for growth at 150C
it was 50 2 nm. Clearly, the increased growth tempera-
ture allowed for the formation of larger grains.
B. Superconducting properties
While films grown at both RT and 150C had transition
temperatures of about 9.2 K, the sharpness of the transition
is quite different as seen in Fig. 6. The films grown at
150C have a very sharp transition from the superconduct-
ing state to the normal state that begins at9 Kwhile films
grown at RT have a much more gradual transition. The RT
sample’s response in the superconducting state begins to
decrease as low as 7 K before entering the normal state.
HC1 values for these films were measured at 4 K using
the method previously described using 10 Oe increments.
For RT growth, an HC1 value of 50 Oe was found while an
HC1 value of 100 Oe was found for growth at 150
C. We
expect that four possible orientations are more detrimental
than two orientations in terms of crystalline film quality as
this could lead to smaller lateral grains, even if XRD shows
similar out-of-plane grain sizes. Our findings are similar to
other reports of sputtered Nb films, such as Antoine who
finds an HC1 value of 180 Oe for 250 nm Nb=Al2O3(1120)
(r-plane sapphire) [21]. While this epitaxy may yield one
orientation of Nb [22] (and therefore fewer grain bounda-
ries), it is highly likely that the low thickness decreases the
HC1 value due to interfacial scattering compared to thicker
films and is therefore a dominant factor here.
Our results suggest that an increased deposition
temperature of Nb onto Cu leads to films with higher
crystalline quality (grain size) and thus improved super-
conducting properties (HC1). Additionally, the increased
deposition temperature improves the sharpness of the tran-
sition from the superconducting state into the normal state.
Therefore, when Nb coated Cu cavities are fabricated, our
studies suggest that their performance would benefit if they
are held at an elevated temperature during the deposition of
Nb coatings.
V. CONCLUSIONS AND OUTLOOK
To understand the main mechanisms affecting supercon-
ducting Nb films we investigated first Nb growth onto
ceramic substrates, which leads to well controlled epitaxy.
Thus, we found that in order to achieve Nb coated Cu
cavities with optimal performance, it may be necessary to
minimizemultiple domain growth and hence decrease grain
boundary density in epitaxial Nb that in principle leads to
four domains on Cu(100) and six domains on Cu(111)
surfaces. We investigated the effect of deposition tempera-
ture on the superconducting properties ofNbfilms grown on
Cu surfaces and found that higher deposition temperature
leads to a sharper critical temperature transition, but also to
increased surface roughness. In order to successfully imple-
ment Nb coated Cu cavities, the coating parameters need to
be optimized such that both the surface and superconduct-
ing properties lead to the desired SRF performance. To
overcome some of the observed difficulties, we have ex-
plored the use of a seed layer material such as Au, placed
between the Cu surface and the Nb film. We were able to
achieve epitaxial growth and decreased surface roughness.
We note that the process of minimizing grain boundary
density still allows for further optimization, and other
seed layer materials are being considered to this effect.
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